Many 3D printing technologies are based on the development of inks and pastes to build objects through droplet or filament deposition (the latter also known as continuous extrusion, robocasting or direct ink writing). Controlling and tuning rheological behaviour is key for successful manufacturing using these techniques. Different formulations have been proposed but the search continues for approaches that are clean, flexible and robust and can be adapted to a wide range of materials. Here we show how graphene oxide (GO) enables the formulation of water-based pastes to print a wide variety of materials (polymers, ceramics and steel) using robocasting. This work combines flow and oscillatory rheology, to provide further insights into the rheological behaviour of suspensions combining GO with other materials. Graphene oxide can be used to manipulate the viscoelastic response enabling the formulation of pastes with excellent printing behaviour that combine shear thinning flow and a fast recovery of their elastic properties. These inks do not contain other additives just GO and the material of interest. As a proof of concept we demonstrate the 3D printing of additive-free graphene oxide structures, as well as polymers, ceramics and steel. Electron microscopy is used to analyse the structure of the printed materials and their mechanical properties are evaluated. Due to its amphiphilic nature and 2D structure, graphene oxide plays multiple roles behaving as a surfactant, viscosifier and binder. It stabilises suspensions of different powders, modifies the flow and viscoelasticity of materials with different chemistries, particle sizes and shapes, and binds the particles together providing green strength for manual handling. This approach enables printing complex 3D ceramic structures using robocasting with similar properties to alternative formulations, thus demonstrating the potential of using 2D colloids in materials manufacturing.
Introduction
Progress in colloidal processing is driven by the need for versatile and universal approaches to build increasingly complex parts and devices. The challenge is to manipulate the rheology of suspensions to fit specific processing techniques. Clay, the wet processing archetype, has been used for thousands of years to form ceramics, from pottery and art to advanced structural applications. Clay has a unique structure and chemistry that allows the formulation of water-based suspensions with ideal viscoelastic behaviour for shaping, in a way that cannot be done with any other natural material. The need to replicate this behaviour and extrapolate it to other materials has driven the development of colloidal processing. 1, 2 This relatively new scientific field studies the basic science behind the formulation of stable suspensions and pastes; made by combining powders with different additives (dispersants, binders, surfactants, plasticizers, viscosifiers, etc.) to emulate the shaping behaviour of natural clays. We can easily find a multitude of approaches, water or solvent based, designed to satisfy the needs for a specific material and manufacturing technique. [3] [4] [5] However, additives have their own challenges and often demand further post-processing steps. In addition, new formulations are continuously required to broaden the range of materials and to enhance the performance and flexibility of existing technologies. 1, 2, 6 There are some similarities between graphene oxide (GO, also known as chemically modified graphene) and clay; both have large surface area and flake shape with a special distribution of functionalities on their geometry. Clay particles in water have different electrostatic charges on the basal plane and edges, which enables the formation of a "house of cards" arrangement and provides the plasticity required for shaping. 1 Clay is also used as an additive in suspensions of other materials to provide the right viscoelastic behaviour for processing; it has been recently used to formulate pastes for the 3D printing of composites. 7, 8 Due to their anisotropic nature, aqueous suspensions of clay particles can develop a liquid crystal character. 9 On the other hand, GO, with its special combination of structure and surface chemistry, is an amphiphile. GO flakes on the basal plane are partly covered by hydrophilic functionalities (hydroxyls, carboxyl and epoxy groups); carboxyl groups are also distributed throughout the edges while some regions on the basal plane remain unoxidized. 10 The interactions between these moieties with water and across flakes (at pH5 the hydroxyl functional groups in GO flakes are partly protonated 11, 12 facilitating the formation of hydrogen bonds) enable the formulation of very stable, viscoelastic GO slurries, and facilitate their arrangement in a liquid crystal structure. 13, 14 GO has been used in non-colloidal systems with ABS and PLA for 3D printing using fused deposition approaches. 15 GO and composites have also been 3D-printed with the aid of additives and in some cases solvents. 12, 16, 17 Despite the progress in the field, it is still necessary to develop flexible and robust processing approaches to bring advanced ceramics, 2D, nanoparticles, and any other materials into additive manufacturing.
This work focuses on the unique rheology of GO colloids in water, delving into their behaviour in the absence of additives; and for the first time, reporting their multiple roles enabling the processing and printing of other materials in water based systems.
Here we explore clay-GO similarities and demonstrate that it is possible to use GO to create clay-like suspensions from different materials. Our findings show that graphene oxide may well be one of the most versatile processing additives available, behaving simultaneously as surfactant, rheological modifier and binder. It has the potential to simplify and enable the water-based wet processing of a wide range of materials from polymers to metals and ceramics, including highly anisotropic particles whose suspensions are usually difficult to stabilize and manipulate. 
Materials and Methods
Materials. GO suspensions were prepared by the exfoliation of graphite using the modified Hummers method in a custom-built reactor designed to manipulate up to 5 L of concentrated acids. 12 The suspensions were purified to remove residual salts and acids, using repeated centrifugation at 9000 rpm (Thermo Scientific Sorvall LYNX 6000 Superspeed Centrifuge) and re-dispersion in double-distilled water. Non-exfoliated particles were removed by low speed centrifugation (1000 rpm). Washing/centrifugation cycles were carried out until the particle-free supernatants had a pH ~6, typically occurring after 16 washing cycles.
GO flakes were prepared for SEM (LEO Gemini 1525) by drop-casting diluted GO solutions into silicon oxide substrates. Lateral dimensions of GO flakes were measured from SEM and optical microscopy (Axio Scope A1, Zeiss) images using ImageJ (size distribution histogram in Figure 1 ). Freeze-drying of a known volume of GO suspensions and weighing the dry monoliths gave an estimation of the GO content. The GO suspension and slurries were also characterised with thermo-gravimetric analysis (TGA), X-ray diffraction (XRD) and Raman spectroscopy ( Figure 1 ). For XRD and Raman analyses the as prepared GO suspension was drop-casted on a silicon single crystal substrate and a glass slide respectively. Rheology study of GO suspensions. The as prepared GO suspension with a concentration of 0.6 vol% was diluted 1:2 and 1:4 to evaluate the effect of flake concentration on viscosity and viscoelastic properties (Figure 2 ). Additionally, these suspensions were subjected to sonication using an ultrasound tip at 200W, 24kHHz, with amplitude of 60% and a pulse of 5 s for 30 min in order to break down the lateral size. Optical microscopy images (Axio Scope A1, Zeiss) were used to determine the lateral dimensions of these "small flakes" (Figure 1 ).
These suspensions were used to evaluate the effect of flake size on rheological behaviour in between small additions of freeze-dried GO powder or small amounts of evaporated water to guarantee a homogeneous structure within the paste. A final de-foaming step at 2200 rpm for 10 min was applied to all the samples to eliminate any remaining trapped air. 
Rheology of pastes.
Oscillatory tests were carried out in a TA HR1 rheometer with temperature control (20 C) and solvent trap cover using parallel plates. For concentrated pastes, the use of the plate geometry (ø = 40 mm) with a gap between 500 µm and 1mm avoids jamming of particles. The structure of the pastes and its response to different stimuli was assessed using a sequence of 5 oscillatory steps while monitoring the viscoelastic properties (G', G'').
Step 1) to determine their initial internal structure and stability with a gentle oscillation at low frequency (0.5 Hz) and strain (0.5%).
Step 2) to identify structure changes with a frequency sweep (fixed strain at 0.5%, frequency from 0.5-to 50 Hz).
Step 3)
to monitor the recovery after step 2 with a gentle oscillation at low frequency (0.5 Hz) and strain (0.5%).
Step 4) to identify structure changes with strain and to measure yield stress and strain with an amplitude sweep (fixed frequency at 0.5Hz, strain from 0.1 up to 50%). Step 5) to check the recovery of the internal structure immediately after the time sweep with a gentle oscillation at low frequency (0.5 Hz) and strain (0.5%). The waveform and Lissajous plots were monitored and recorded throughout all the steps (1 to 5) to identify non-linear events during structure changes and to track the quality of the data. The Lissajous graphs provide a visual tool to identify non-linearities: large ellipsoids that get closer to a round shape mean the behaviour is close to an ideal liquid (large area indicates that more energy is dissipated);
when the ellipsoids thin up and get closer to a line, then the system is getting closer to an ideal solid.
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Printing. Graphene oxide based pastes were used to print 3D objects using a robotic deposition device (Robocad 3.0, 3-D inks Stillwater, OK) on a PTFE substrate, at printing speeds between 6 and 12 mm s -1 through 510 μm nozzles (EFD, Nordson). A 40 mm lead-in line was printed immediately before the start of each part to ensure a homogenous flow as the parts were printed, including: cylinders, grids and 40x4x3 mm 3 test bars. The temperature and humidity of the whole system was controlled by a custom built enclosure and a convection heater set to 23°C while the measured humidity varied from 70-95%.
Post-processing. GO structures were frozen in liquid nitrogen and freeze dried for 48 h (Freezone 4.5, Labconco Corporation) followed by thermal reduction at 900 C for 1h under 10%H2/90%Ar atmosphere. Printed parts (Alumina, SiC and Steel) were dried over 24 hours in a humidified enclosure to avoid cracking, followed by another drying step in a convection oven at 37°C. Structures built with the alumina platelets paste were sintered in a tube furnace at 1550°C under 10%H2/90%Ar atmosphere. Once dry, SiC printed parts were isostatically pressed at 300 MPa for 1 minute at room temperature in an evacuated pouch using a Stanstead Fluid Power isostatic press and subsequently pressure less sintered under Ar atmosphere in a graphite furnace using a powder bed (to avoid loss of material due to evaporation) at 2050 °C for one hour at atmospheric pressure. All heating and cooling rates were 10 °C min −1 .
Characterization. The apparent density and porosity of the sintered scaffolds were measured by Archimedes' method (Sartorius, YDK01, Goettingen, Germany) in water. The microstructure and chemical composition were studied by field emission scanning electron microscopy on a LEO Gemini 1525 FEGSEM equipped with an energy dispersive spectroscopy (EDS) microprobe (INCA Sight Oxford-instruments, UK). Samples were coated with a thin Cr layer previous to the observation. X-ray diffraction (XRD) patterns were collected using a PANanalytical® XRD X'Pert Pro diffractometer operated at 40 kV and 40 mA in the 2θ range 5°-35°, with a step size of 0.0334° and a count time at each step of 100s. Raman spectroscopy was performed using a Renishaw RM2000 equipped with a 514 nm laser. Three point bending tests were carried out in a Zwick universal testing machine with a maximum load of 2 kN, using a 20 mm bottom span and a displacement rate of 0.2 mm min −1 . A standard 4-point probe method was used for conductivity measurements. The current was generated via a bench top PSU and kept at a constant direct current of 10 mA.
Two electrodes were placed through the sample at constant distance to monitor the voltage drop through the sample. The results were derived via standard equations for electrical conductivity and resistivity in DC.
Results and Discussion

Rheology and printability of graphene oxide suspensions and pastes
Graphene oxide suspensions in water have shear thinning behaviour ( Figure 1a ). The viscosity and viscoelastic properties of GO suspensions in water strongly depend on their concentrations (Figure 2a ), 9, [19] [20] [21] which is very similar to water-clay systems. 22, 23 GO suspensions with low concentrations (≤0.1 vol% GO) have liquid-like behaviour (G'<G'') with small elastic component (G' ~ 7 Pa, Figure 2b ). Previous studies state that for GO aqueous dispersions, lateral size and concentration have equal influence on viscosity. 21 However, we found that in the range of this study (i.e. lateral flake size averages varying between 16 and 44 m, Figure 1 ) the lateral size has a minor effect on the viscoelastic properties for diluted suspensions, and its effect becomes negligible as flake concentration increases (Figure 2b ). At concentrations above 0.1 vol%, the GO flakes form a soft solid (G'>G'') that breaks down and flows when certain yield stress is applied (Figure 3a) . Increasing the GO concentration above ~2 vol% leads to a rapid rise of the solid-like component (G', Figure 3a , b) due to the formation of a well-established and organized structure (Figure 3d ). We found that in these GO slurries, some of the flakes tend to roll up forming graphene oxide scrolls (Figure 3d ).
These changes in conformation, known as carbon nano-scrolls CNS, have been previously reported for other carbon materials. [24] [25] [26] As the slurry becomes more concentrated, GO flakes arrange forming a network, 19 similarly to a liquid crystal. 13 The increase in concentration results in a considerable increase of the elastic response with storage modulus (G') values up to 100 kPa (for 3.5 vol% GO, Figure 3b ), as well as an exponential increase of the yield stress up to 2300Pa (Figure 3c ). GO additivefree pastes with concentrations between ~2.5 and 3.5 vol% -prepared either by redispersing freeze-dried GO powders or by evaporation -display the rheological properties and structure needed for robocasting ( Figures 3, 4) . A comparison of the storage modulus (G', figure 3b) and yield stress (Figure 3c ) of these pastes with other additive free GO suspensions in literature 16, 19, 20, 27 confirms a consistent trend. Despite the differences in the chemistry and lateral size of the GO flakes (from 400 nm 16 and 600 nm 19 to 44 m (this work)) and the fact that the measurements were done using different settings, the dependence of the storage modulus and the yield stress with the GO content follows a similar power law in all cases (~2.2 for the yield stress and ~2.5- values that remain with same order of magnitude.
3D printing of particulate systems using GO as printing additive
The same process can be used for particles with different chemistries, shapes and sizes. For example, GO also aids the processing and printing of steel micro-spheres, which cannot be stabilised or printed without the aid of GO (supporting information, Figure S3 ). The structure breaks down leading to a non-linear liquid-like system at strains of ≈ 23%, but quickly recovers its linearity and reaches G' values of 120 kPa when the strain is reduced to 0.5% (Figure S3 ). These G' values are high enough to facilitate the printing of self-supporting 3D objects (Figure 7a ).
However an important limiting factor for the extrusion of this paste is the sedimentation of the large and heavy steel spheres that takes place within the syringe barrel, resulting on water segregation and clogging the nozzle. Reducing solids loading, increasing GO content or alternatively using of smaller steel particles could solve this limitation. SEM analysis reveals the sphere arrangement on the external surface of the filament (Figure 7b ), which corresponds to the laminar flow region in the walls of the nozzle. Close up images in a cross section illustrate the strong interaction between the GO flakes and the surface of the steel spheres. The GO flakes form an envelope around the particles, binding them together (Figure 7c -e).
Complex ceramic structures can be built applying the same principles to ceramic powders such as alumina (Figures 8-10 ) and silicon carbide ( Figure 11 ). In this work we used this approach for Al2O3 with different shapes, such as particles and platelets, and SiC powders with different sizes, but similar principles would apply to any other ceramic material. As an example, a suspension of only alumina platelets in water (without GO or any other additive) has a very unstable viscoelastic response with liquid like behaviour (supporting information, Figures S1, S5 & S6), which proves the key role of GO stabilising the ceramic particles as well as printing aid. Our findings suggest that different particle sizes (i.e. different specific surfaces) and shapes require slightly different amounts of added GO to achieve the right texture to be printable.
Pastes of Al2O3 platelets can be prepared with a wide range of particle/GO ratios but the best printing behaviour was found for a mixture of ~28 vol% platelets with 1.1 vol% GO (Figures 8, 9 , S5, S6). It is possible to use this paste to make bulk shapes, grids and even free-standing micro-pillars printed vertically using robocasting ( Figure   9b ). The structure of this system is solid-like within the linear region ( Figure S5 ).
Strains of 4% break down the structure leading to a non-linear transition (supporting information, Figure S5 ), which illustrates the viscoelasticity changes as the paste shear thins on its way through the nozzle. The extrusion process also defines the arrangement of platelets and the internal architecture of the printed objects. Crosssections and lateral views of printed filaments (Figure 8c, d respectively) show how the platelets arrange on the outside edge forming a wall, while the inside has a mixture of domains (Figure 8c, d respectively) . Platelets arrange parallel to each other inside a domain but the different domains seem to be randomly oriented with respect to each other. This arrangement is dictated by the extrusion profile, which depends on the viscosity (that changes non linearly across the cross section due to the shear profile), printing speed, and tip diameter and length. 40 Upon close-up observation (Figure 9 ), GO flakes appear to have a strong interaction with the platelets, spreading over and across the surfaces of multiple Al2O3 platelets, binding them together and forming bridges across them ( Figure 9 ). The structure and multifunctional chemistry of GO (with hydroxyl, carboxyl, epoxy functional groups and hydrophobic islands in the basal plane) facilitate multiple interactions due to the affinity of these functional groups with the oxide surfaces. We propose that at this pH range (pastes exhibit pH values between 5 and 6), non-covalent interactions such as hydrogen bonds (flake to flake and flake to particle) may be playing an important role. 12, 41 The structures built using the platelet/GO paste exhibit good handling strength once dry and before sintering. The GO/platelet interactions are strong enough to hold the structure together without particle debris. After sintering, these structures have an average porosity of 60% with only 2% closed pores (Figure 10a-c) . Sintering in a reducing atmosphere at 1550 C in a tube furnace does not prevent the full burnout of GO, highly likely due to the length of the thermal treatment and the high porosity of the sample. Other structures made with the same alumina platelets and F127 (similarly to previous work on this field 42 ) but without GO do not sinter and display debris when handled manually. The structures made with GO display good handling strength once sintered, suggesting that it is also playing a role as sintering aid (Figure 10d, e) . XRD analysis after sintering confirms that Al2O3 is the only crystalline phase, and no carbon bands were identified with Raman spectroscopy. These porous architectures would be an ideal scaffold for the fabrication of composites (Figure 10 ).
GO can also aid the processing of non-oxide ceramics; SiC is used here as model system. We found that the response of SiC-GO pastes during the oscillatory tests is less stable than the other systems studied in this work (supporting information, Figure   S7 ). G' and G'' change over time, the sinusoidal response displays background noise and non-linear effects take place throughout the oscillatory tests ( Figure S7 ). The behaviour of this sample is very sensitive to its history, showing important structural changes as the sequence of oscillatory stimuli takes place. This is highly likely due to the irregular shape and small size (D50 = 0.45 µm) of the SiC particles ( Figure 11 ).
The interactions between GO and the non-oxide surfaces might be also playing a role on this more complex and sensitive viscoelastic response. However, further analyses on these aspects currently fall outside of the scope of this work. Despite its sensitive stability and non-linear behaviour, this paste displays adequate printing behaviour. The network breaks down and flows through the nozzle due to the shear-thinning behaviour, and re-builds with enough stiffness (G' > G'', and G' in the order of 5kPa)
to print bulk 3D objects, for example bars for mechanical testing, cylinders and lattices (Figures 11, 12 ). Once dry, SiC 3D printed bars have strengths of ~1 MPa measured in 3-point bending, proving that GO is also acting as a binder of SiC surfaces. During the mechanical tests of these green structures, some GO flakes were bridging across the cracks, which suggests that an additional reinforcement mechanisms might be taking place. However, the visual inspection of fractured surfaces in the SEM did not provide clear insights on the SiC/GO interactions (Figure 11c ). Sintered SiC bars (2050 ºC for 2 hours) have a final density of 3.21 g/cm 3 (96.4% of the theoretical, Figure 12 ) and bending strengths of ~212 MPa. These properties match with those for SiC parts printed using hydrogel based (F127) formulations and subjected to the same sintering conditions. 42 No carbon phases were detected with Raman on sintered samples. XRD analyses indicate that SiC is the only crystalline phase.
Summarising, all the GO based systems formulated in this work display nonNewtonian shear thinning behaviour and viscoelastic response with the elastic component dominating (G' > G''). For comparative purposes the viscoelastic fingerprints (frequency and amplitude sweeps) for all of them are compiled in Figure   13 . Despite the similarities, each system has a unique viscoelastic fingerprint ( Figure   13 a, b). Their individual response is intimately related to the solid loading (which is defined by the intrinsic properties of the filler such as size, specific surface and density) and highly likely due to the different nature of the interactions at the GO/material interfaces. In general, larger particles with smooth surfaces (steel and alumina platelets) allow higher solid contents due to the smaller specific surface area.
This results in pastes with more stable structures, linear behaviour and larger values for G' (Figure 13c ). On the other hand, small anisotropic non-oxide particles (as SiC)
lead to more complex internal structures with non-linear behaviour. This might be due to the contribution of different factors: as the friction between small and irregular particles with a narrow distribution that limit the solid loading, packing and flow; and different interactions at the GO/SiC interface. Despite these differences, all the experiments carried out with these very diverse materials confirm that the GO flakes are simultaneously playing different roles: 1) as surfactant, stabilizing particle suspensions of oxide (Al2O3) and non-oxide (SiC) ceramics and steel; 2) as viscosifier, providing the rheological behaviour needed for robocasting; and 3) as binder, bonding the particles forming a stable structure after drying, providing printed shapes that are stable and easy to handle manually once dry.
Using GO instead of other currently available formulations in literature (for example hydrogels (F127), pH responsive surfactants, clays or PEI) provides key advantages for materials manufacturing: simplicity, versatility, flexibility, scalability and robustness. Here, GO is the only additive while other formulations in literature require multiple ingredients and even the use of solvents. The filaments retain their shape well across spans up to 15 mm during printing, but they tend to deflect during drying for the larger gaps. b) 3D printed cylinder made for bulk characterization of the paste after post-processing (density and electrical conductivity). c) Evolution of viscoelastic fingerprints for a GO paste without additives (3 vol% GO in water, which corresponds to 76 mg/mL). Including the waveform and Lissajous plots for some of the points. These graphs illustrate structure changes with frequency and strain. Frequency slightly increases the liquid-like behaviour (frequency seep). The GO networks breaks down and flows with a liquid-like behaviour during the amplitude sweep. Before any thermal treatment, both GO suspension and also the aerogel have wide D and G peaks with similar intensity. After thermal reduction (at 250 °C and 900 °C) the ID/IG ratio increases confirming the recrystallization and reduction of GO to rGO. e) Graph comparing the electrical conductivity of 3D printed cylinders using different water based formulations (responsive surfactants, hydrogel base F127 and no additives (NA)) as well as with other structures found in the literature made following different methods. Figure 6 . GO aids the printing of PVA solutions. 3D printed PVA-GO cylinder and viscoelastic fingerprints for the PVA-GO paste (8 vol% PVA, 0.3 vol% GO in water). The structure of this paste is very stable (steady G' and G'' values) and has a solid like-structure within the LVR at all times. As frequency increases in step 2, there is a considerable increase of the liquid-like component (see phase between sinusoidal signals and the increase of the area within the ellipsoid in the Lissajous plot), but still the solid-like dominates with linear behaviour.
Step 3 shows how the paste immediately recovers its initial structure once the frequency is reduced to 0.5 Hz. The structure does not break down under the amplitude sweep (step 4) suggesting the formation of a true gel between PVA and GO. . Structural characterization of 3D printed objects made of alumina platelets using GO as printing additive (after drying). FESEM images at the micro and nano scales illustrate the interactions at the GO/platelets interfaces (a, c). A GO flake spreads across and binds multiple platelets (a). GO bridges across platelets highlighted with arrows in (b). GO flakes spread and attach to platelet surfaces showing very good and homogeneous contact (c); some parts of the flakes unfold and reach out towards neighboring platelets, forming a network bond by GO. Comparing the viscoelasticity of selected formulations made using GO as the only additive: pure GO (3 vol% GO, 76 mg/mL), SiC powders (0.4 vol% GO, 10 mg/mL), PVA (0.3 vol% GO, 7 mg/mL), Al2O3 platelets (1.1 vol% GO, 33 mg/mL) and steel micro-spheres (0.4 vol% GO, 19 mg/mL). Each system has a different response according to the intrinsic properties of the material. The frequency sweep (a) and amplitude sweep (b) provide information of the structure and viscoelastic response that is compiled in (c) for comparative purposes. c) Histogram comparing the viscoelastic properties: storage modulus, G' (obtained from a time sweep at 0.5Hz and 0.5% strain) and yield stress (obtained from b). The chart also displays their total solid loading (vol%) and GO content (vol%). Note that PVA-GO is the only system that forms a true gel; its combined structure does not break down with strain and its behaviour remains within the LVR as strain increases. On the contrary, Steel-GO and ceramics-GO systems break down at strains that range between 3 and >20% depending on the material (b, c). In general they have an initial linear behaviour before the transition to liquid-like (except for SiC-GO, Figure S3 ).
